The wideband echo signals of the imaging radar can be processed by pulse compression to obtain high-resolution range profile (HRRP). The resolution of HRRP is proportional to the signal bandwidth. The pursuit of high resolution makes the bandwidth of radar transmitting signal larger and larger. And the corresponding sampling rate of receiver becomes so high that analog-to-digital conversion cannot be realized by a single chip correctly. Time-interleaved analog-to-digital converter (TIADC) technique increases sampling rate of radar receiver, but channel mismatches are brought in. Channel mismatches significantly deteriorate the dynamic performance of radar receiver. Effects of channel mismatch on SNR, SNDR and SFDR are studied in previous literatures. Derivation and simulation of TIADC channel mismatch effecting on HRRP are performed in this letter. Simulation results show that without considering the amplitude-frequency distortion and phase-frequency distortions of the radar system, when the gain mismatch is less than 0.7 times and the clock mismatch is less than 0.25 rad, the influence of the channel mismatch on the HRRP can be neglected. The results provide a reference for system design and compensation method, which are useful for the designer to determine whether complex channel mismatch calibration is necessary under specific application background.
Introduction
Inverse synthetic aperture radar (ISAR) has the ability of achieving high-resolution radar image of moving targets in all weather and day/night conditions [1, 2, 3] . ISAR imaging is gradually gaining popularity in microwave remote sensing and national defense applications [4, 5, 6] . Increasing the bandwidth of radiated signal is one of the effective ways to obtain higher-resolution ISAR images [7, 8] . With the development of analog-to-digital converter (ADC) and high-speed storage technology, the direct intermediate frequency sampling (DIFS) of wideband radar has been widely used in engineering. The DIFS technology ensures the phase coherence of the sampled echo signal and the integrity of the system characteristics. This is conducive to the correction of system distortion. The DIFS of wideband radar requires a large signal dynamic range, and the number of quantized bits of the ADC for sampling echo signal is at least 10 bits. At present, the transmitting signal bandwidth of advanced ISAR system has reached 8 GHz [9] . According to Nyquist sampling theorem, the sampling rate is at least twice of the bandwidth. If the bandwidth of the signal is large enough, the analog-to-digital conversion cannot be realized by a single chip correctly.
The sampling rate of radar receiver can be multiplied using TIADC technology [10] . Several ADCs with lower sampling rate are used to acquire the signal in parallel at the same clock frequency but different clock phases [11, 12, 13, 14, 15, 16, 17] . Finally, the sampling sequences of sub-ADCs are combined as the output of the system to increase the sampling rate. Fig. 1 shows an M-channel TIADC structure. TIADC technology improves sampling rate, but channel mismatches are brought in. In TIADC systems, channel mismatches seriously degrade the signalto-noise and distortion ratio (SNDR) and spurious-free dynamic range (SFDR) [18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29] . In published literature, studies of TIADC are based on the effects of channel mismatches on the spectrum or dynamic performance such as SNDR and SFDR [14, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 29, 30, 31, 32] . Under the condition of large bandwidth, it is impossible to eliminate channel mismatches completely. It is necessary to estimate the channel mismatch tolerance for specific application background to determine whether complex channel mismatch calibration is necessary.
This letter takes wideband imaging radar as the research background. Since it is easy to generate and process, and is insensitive to Doppler shift, the linear frequency modulated (LFM) signal is a widely used signal form in wideband radar. This letter analyses the influence of channel mismatch of wideband TIADC system on the HRRP of LFM signal. In section 2, the model of LFM signal matched filter pulse compression using DIFS is established. In section 3, the formula of LFM signal pulse compression with wideband TIADC channel mismatch is derived. The experimental result is provided in section 4. Section 5 concludes this letter.
Model of LFM signal matched filter pulse compression using DIFS
High range resolution can be achieved by transmitting signals of sufficiently broad bandwidth in the imaging radar. Through the pulse compression technology, the HRRPs of targets can be obtained, which is the basis of the two-dimensional imaging. The LFM signal has many advantages such as easy generation and processing, and is the most widely used large time-bandwidth product signal in imaging radars. The radio frequency (RF) echo signal received by the antenna is amplified by low noise amplifier (LNA), mixed with local oscillator (LO), filtered, and the intermediate frequency (IF) signal is acquired. The signal processing flow based on DIFS is shown in Fig. 2 . The ADC directly samples the IF signal sðtÞ, and the obtained digital real signal passes through the digital down converter (DDC) module to obtain a complex signal whose center frequency is at zero. The HRRP yðnÞ is obtained by matched filter pulse compression between this complex signal and the reference signal. Fig. 2 is
Suppose the expression of the real IF signal sðtÞ in
where f c is the carrier frequency of the IF LFM signal, τ is its pulse width, k ¼ B= is the chirp rate, B is the bandwidth, and rectðxÞ ¼ [33, 34, 35] . sðnÞ comes from sðtÞ after analog-to-digital conversion
where n is an integer and f s is the sampling rate of the system. Under the premise of not aliasing, q times signal extraction is executed to reduce the amount of data after DDC, and the complex sampling rate at this time is f s0 ¼ f s =q. Complex signal with carrier frequency at zero is obtained
Because of the time-bandwidth product B ) 1 in wideband imaging radar, the spectrum of s 0 ðnÞ can be approximated to
In the process of matched filter pulse compression, the reference signal is a complex conjugate signal of the transmitted signal. Reference signal in Fig. 2 is expressed by
After convoluting the complex signal s 0 ðnÞ with the reference signal rðnÞ, its HRRP is obtained as
yðnÞ has the envelope of sinc function. The maximum side lobe is −13.2 dB of the main lobe. An ISAR image consists of a number of scattering points. Exorbitant side lobes submerge the main lobe of weak scattering point, which decreases image sharpness. Weighting technology is required to suppress side lobes. But the main lobe of HRRP broadens after weighting the signal, and the resolution decreases. Therefore, it is necessary to consider the factors of side lobe suppression, main lobe broadening and side lobe attenuation speed to select the appropriate weighting function.
Derivation of LFM signal pulse compression carrying TIADC channel mismatch
If the bandwidth of the echo signal is large enough, the analog-to-digital conversion in Fig. 2 cannot be realized by a single chip. Multiple ADC chips alternately sampling is used to increase the sampling rate. The offset mismatch, timing mismatch and gain mismatch have the greatest degradation on system sampling performance for a TIADC system consisting of multiple ADC chips. When sampling large bandwidth signals, the gain mismatch and timing mismatch of each channel are functions of frequency, which cannot be treated as fixed values. The offset mismatch does not vary with the input signal frequency. It can be evaluated from the noise data of each sub-ADC and rectified by the subtraction operation without difficulty [32] . The M-channel wideband TIADC model with channel mismatches is shown in Fig. 3 . H m ðe jw Þ is the transmission function of each channel. CLK 0 Á Á Á CLK MÀ1 is sampling clock, whose phase difference is 2=M in sequence. The sampling rate of sub-ADC is 1=M of the system sampling rate. This is equivalent to down sampling sðtÞ. The discrete signals of each channel are combined after M times up sampling, and z½n is obtained. z½n in Fig. 3 is carrying gain mismatch and timing mismatch. The aggregate sampling rate is f s and the corresponding sampling period is T s ¼ 1=f s . The bandwidth of sðtÞ satisfies BW < f s =2. In frequency domain, z½n can be expressed as 
The signal sðtÞ is sampled alternately by ADCs, whose sampling rate is f s =M. The signal spectrum of each ADC output is aliased. When p ¼ 1; 2; Á Á Á ; M À 1, expression (7) is the signal caused by aliasing. z½n passes through the DDC module, and Z 0 ð!Þ is approximately obtained
The frequency domain expression of the reference signal rðnÞ is
The complex signal Z 0 ð!Þ and the reference signal Rð!Þ are subjected to pulse compression processing, and the HRRP y 0 ðnÞ is expressed as
Simulation results
The impact of TIADC channel mismatch on the dynamic range of sinusoidal signal and HRRP of LFM signal is analyzed through simulation experiments in this section. Set the sampling rate of TIADC system f s ¼ 10 Gs/s and the number of channels M ¼ 2. Gain mismatch curve and timing mismatch curve are shown in Fig. 4 . In order to highlight the difference of timing mismatch curve between channels, the timing mismatch curve of channel n needs to subtract the sampling clock phase 2n=M, where 0 n M À 1. Channel mismatch comes from the difference of frequency response between channels. And to eliminate the influence of amplitude-frequency distortion and phase-frequency distortion on HRRP, channel 0 is set as the reference channel, whose relative gain is 1 and relative phase is 0. The gain mismatch curve and timing mismatch curve of channel 1 are relative to that of channel 0. A multi-tone power ratio (MTPR) experiment is executed. Multi-tone sine signal is from 300 MHz to 4800 MHz and the interval is 250 MHz. The spectrum of input and output multi-tone signal of this TIADC system is displayed in Fig. 5 . As can be seen from the spectrum of the multi-tone sine signal, due to the existence of gain mismatch and timing mismatch, a large number of spurs appear in the spectrum of the sampled data, and the SFDR is reduced to 29 dB. These spurs severely degrade the dynamic performance of the sampling system. Peak side lobe ratio (PSLR) [36] , integrated side lobe ratio (ISLR) [37] and mainlobe width [38] are used to evaluate the quality of radar signal after pulse compression. Set the bandwidth of the real IF LFM signal B ¼ 0:3 Á f s , and the carrier frequency f c ¼ 0:25 Á f s . The HRRP of the signal under ideal sampling condition is shown as black line with dots in Fig. 6 . The HRRP of the signal sampled by the TIADC system mentioned above is shown as red solid line in Fig. 6 . To make the results more accurate, HRRP is interpolated. PSLR ¼ À43:0 dB, ISLR ¼ À35:0 dB and mainlobe width = 23 cells under ideal sampling conditions. PSLR ¼ À41:7 dB, ISLR ¼ À34:6 dB and mainlobe width = 23 cells when the signal is sampled by the TIADC system. The same TIADC system sampled LFM signal, and the PSLR, ISLR and mainlobe width of HRRP only slightly deteriorated. Channel mismatch has The channel mismatch curve given in Fig. 4 is a test result of an actual TIADC system and is a typical channel mismatch representative. Gain mismatch and timing mismatch of the TIADC system are about 0.1 times and 0.04 rad respectively. The gain mismatch curve and timing mismatch curve are used as the reference channel mismatches. The multiple of the curves is the horizontal axis. The results of PSLR, ISLR, and mainlobe width increasing with the reference channel mismatch are shown in Fig. 7 . It can be seen from the Fig. 7 that as the reference channel mismatch increases, the PSLR, ISLR deteriorates, and the mainlobe width is hardly affected. To obtain robust range profile features, the side lobe level in imaging radar should be below −30 dB. This corresponds to a reference channel mismatch of approximately 7 times in Fig. 7 . At this time, the maximum gain mismatch and clock mismatch exceed 0.7 times and 0.25 rad respectively, which is a very large mismatch tolerance range. In wideband imaging radars, the amplitude-frequency distortion and phase-frequency distortion of the entire echo channel also affects the PSLR, ISLR, and mainlobe width of HRRP. Therefore, the channel mismatch tolerance range in the actual TIADC system is smaller than the above value. But the channel mismatch in the actual TIADC system is far less than the channel mismatch tolerance range.
Conclusion
In this letter, theoretical derivation and simulation analysis of TIADC channel mismatch effecting on HRRP are performed. The TIADC channel mismatch severely reduces the SNDR and SFDR of the sampling system, but the HRRP calculated from the wideband radar echo is insensitive to the TIADC channel mismatch. It can be seen from the simulation results that without considering the amplitude-frequency distortion and phase-frequency distortions of the radar system, when the gain mismatch is less than 0.7 times and the clock mismatch is less than 0.25 rad, the influence of the channel mismatch on the HRRP can be neglected. The results provide a reference for system design and compensation method, which are useful for the designer to determine whether complex channel mismatch calibration is necessary.
